IMPORTANCE Visual field variability may impair detection of glaucoma progression over time. Despite the possible overlap between neurocognitive disorders and glaucoma in older individuals, no study has investigated the association between cognitive changes and visual field variability.
S tandard automated perimetry (SAP) remains the gold standard for assessment of visual field loss in glaucoma and is still the most widely used method for detecting progressive damage in clinical practice. However, SAP may have considerable test-retest variability. [1] [2] [3] As detection of progression depends on the ability to separate true change (the signal) from test-retest variability (the noise), [4] [5] [6] the presence of large test-retest variability may impair detection of disease progression over time. Previous studies have demonstrated that factors, such as age and disease severity, are related to long-term variability on SAP tests. [6] [7] [8] However, to our knowledge, no previous study has specifically investigated the impact of cognitive status on the variability of SAP testing. As the prevalence of glaucoma increases substantially with aging, the coexistence of the disease and impaired cognition in the same patients is not uncommon. As SAP testing requires significant patient concentration and cooperation, it may be difficult, if not impossible, to perform the test in patients who present with major neurocognitive impairment or dementia, such as those with Alzheimer disease. However, mild cognitive impairment (MCI) is a condition that is described as having cognitive difficulties that are not severe enough to interfere with activities of daily living and so not defined as dementia. 9, 10 Mild cognitive impairment represents a transitional state between cognitive changes of normal aging and early dementia and is becoming increasingly recognized as a risk factor for Alzheimer disease. 11, 12 Indeed, studies suggest that 10% to 20% of adults aged 65 years and older may have MCI [13] [14] [15] [16] [17] [18] and the estimated incidence in individuals aged 65 years and older is about 1% to 4% per year. 15, 19, 20 Importantly, individuals with MCI tend to progress to Alzheimer disease at a rate of approximately 10% to 15% per year. 12, 19, 21, 22 Owing to the relatively high prevalence of MCI, it is likely that many patients with glaucoma may develop MCI in the course of their follow-up. However, it is currently unknown whether the development of mild cognitive losses could interfere with SAP results over time and, as a consequence, affect the ability to monitor glaucoma progression.
In the current study, we hypothesized that patients who develop cognitive decline over time will show an increase in the variability of SAP results. We investigated our hypothesis by following a cohort of patients with glaucoma and those suspected of having the disease with SAP testing, as well as with one of the most sensitive neuropsychological test screening instruments designed to assess overall cognitive status, the Montreal Cognitive Assessment (MoCA) test. We then investigated the association between change in MoCA results and SAP variability over time.
Methods
Participants in this study were drawn from a prospective longitudinal study designed to evaluate functional impairment in glaucoma conducted at the Visual Performance Laboratory of the University of California-San Diego. The institutional review board at the University of California-San Diego approved the methods, and written informed consent was obtained from all participants. The study adhered to the laws of the Health Insurance Portability and Accountability Act, and all study methods complied with the Declaration of Helsinki guidelines for human subject research.
All participants underwent a comprehensive ophthalmologic examination including review of medical history, visual acuity, slitlamp biomicroscopy, intraocular pressure measurement using Goldmann applanation tonometry, corneal pachymetry, gonioscopy, dilated fundoscopy examination using a 78-diopter lens, stereoscopic optic disc photography (Kowa Nonmyd WX3D; Kowa Optimed Inc), and SAP using the 24-2 Swedish Interactive Threshold Algorithm standard of the Humphrey Field Analyzer II model 750i (Carl Zeiss Meditec Inc). Only patients with open angles on gonioscopy were included. Patients with coexisting retinal disease, uveitis, amblyopia, or nonglaucomatous optic disc neuropathy were excluded from the study.
The study included patients diagnosed as having glaucoma and those suspected of having the disease. Eyes were classified as glaucomatous if they had 2 or more repeatable glaucomatous visual field defects at baseline, defined as a pattern SD with P < .05, or a Glaucoma Hemifield Test result outside normal limits, and evidence of glaucomatous optic neuropathy based on masked assessment of stereophotographs. Eyes were classified as glaucoma suspects if they had a history of elevated intraocular pressure (>21 mm Hg) and/or suspicious or glaucomatous appearance of the optic nerve, but normal and reliable visual field results at baseline. If both eyes from the same patient were eligible for the study, both eyes were included in the analysis and statistical procedures were used to take into account the correlation between measurements within the same patient. Sociodemographic questionnaires were also administered to patients at the time of the baseline. These questionnaires contained a survey about demographics, educational level, and income.
Standard Automated Perimetry
Monocular SAP was performed using the 24-2 Swedish Interactive Threshold Algorithm standard test at all visits during the follow-up period. Only reliable visual field tests (≤33% fixation losses and ≤15% false-positive errors) were included. In addition, visual fields were reviewed and excluded in the presence of artifacts, such as eyelid or rim artifacts, learning effect, or abnormalities that could indicate diseases other than glaucoma, such as homonymous hemianopia.
Key Points
Question Do individuals who develop cognitive decline over time experience an increase in variability of standard automated perimetry results?
Findings In this observational cohort study including 211 eyes of 115 patients, a 5-unit decline in Montreal Cognitive Assessment score was associated with an increase of 0.23 dB in the SD of residuals of standard automated perimetry mean deviation.
Meaning Cognitive decline was associated with increased visual field variability over time in patients with glaucoma and those suspected of having the disease, suggesting screening and monitoring of cognitive dysfunction may be important in assessing visual field progression in the context of glaucoma.
Montreal Cognitive Assessment Test
The presence of cognitive impairment was evaluated using the MoCA test, a cognitive screening tool developed to detect mild cognitive dysfunction. The test has previously been shown to have adequate psychometric properties as a screening instrument for the detection of MCI.
23 Unlike many other standard screening instruments currently in use (eg, Mini-Mental State Examination), the MoCA assesses several different cognitive domains: attention and concentration, executive functions, memory, language, visuoconstructional skills, conceptual thinking, calculations, and orientation (eFigure in the Supplement). A trained technician administered the MoCA test in approximately 10 to 15 minutes. The total possible score is 30 points, and a score of 26 or greater is considered normal. For inclusion in the study, patients were required to have completed a baseline and follow-up MoCA test over a minimum period of 1 year. Change in cognitive scores was assessed by calculating the difference between MoCA scores at the last follow-up visit from those at baseline. Therefore, a decreased score indicated cognitive decline during follow-up. In addition, participants were required to have had at least 4 visual fields during the corresponding period. Data for this study were obtained during the period extending from March 2011 to April 2015, with data analysis conducted from November 2015 to May 2016. During follow-up, each patient was treated at the discretion of the attending ophthalmologist.
Statistical Analysis
Ordinary least squares linear regression models of SAP mean deviation (MD) values over time were fit to the sequence of visual field tests for each eye and residuals were obtained. Visual field variability was estimated through the SD of the residuals of SAP MD from ordinary least squares linear regression. Linear regression models were then used to investigate the association between cognitive decline and variability on visual fields. Initially, a univariable model was used to evaluate the association between change in MoCA questionnaire scores and SD of the residuals of SAP MD over time. Subsequently, the association was studied in a multivariable model adjusting for potentially confounding factors such as disease severity (mean SAP MD during the follow-up period), age, sex, race/ethnicity, educational level, income, and number of SAP tests. Socioeconomic variables were categorized for inclusion in the multivariable models as educational level (at least high school degree [yes/ no]) and income (<$25 000/year [yes/no]). As the association between SAP MD variability and visual field sensitivity is nonlinear, 24 it was modeled using restricted cubic splines. Cubic splines are piecewise-polynomial line segments joined together at knots. 25, 26 The final number of knots was determined by fitting models with different number of knots and evaluating the best-fitting model by cross-validation. Generalized estimating equations were used to adjust for the correlations of multiple observations from the same patient. All statistical analyses were performed using commercially available software (Stata version 14; StataCorp LP). The α level (type I error) was set at .05.
Results
The study included 211 eyes of 115 patients followed up for a mean (SD) period of 2.5 (0.8) years (range, 1.2-4.7 years). Eightyseven individuals (75.6%) had a diagnosis of glaucoma and 28 (24.4%) were considered glaucoma suspects. Table 1 shows the demographic and clinical characteristics of the included patients. The mean (SD) age at baseline was 67.4 (10.1) years. There were 63 men (54.8%) and 52 women (45.2%) and 86 were white (74.8%) and 29 were African American (25.2%). The baseline mean (SD) MoCA score was 28.3 (1.9) points, ranging from 23 to 30 points. At baseline, the mean (SD) SAP MD and pattern SD were −2.9 (5.8) dB and 3.6 (3.3) dB, respectively. However, there was a wide range of MD values of visual fields included in the study, ranging from −28.8 to 2.6 dB. A total of 106 patients (92.2%) had at least a high school degree and 9 (7.8%) had not completed high school. Twenty-one patients (18.3%) had an income of less than $25 000 per year.
The total number of 24-2 SAP Swedish Interactive Threshold Algorithm tests during follow-up was 1725. A total of 232 visual fields (13.4%) were reviewed and excluded owing to the presence of artifacts and 35 (2.0%) were considered unreliable (≤33% fixation losses and ≤15% false-positive errors) and Figure 1 shows a histogram of the SD of the residuals of SAP MD over time. Table 2 shows the results of univariable models investigating factors associated with variability in SAP MD. There was a statistically significant association between change in MoCA scores and variability in SAP MD. A 5-point decline in MoCA score was associated with an increase of 0.18 dB in the variability of SAP MD during the follow-up period (R 2 = 4.3%; 95% CI, 0.06-0.30; P = .003). Baseline MoCA score was not statistically significantly associated with variability in SAP MD in the univariable model (0.11 dB; 95% CI, −0.05 to 0.28; P = .18). Disease severity (mean SAP MD) was associated with increased variability, as modeled by restricted cubic splines. Figure 2 illustrates this association showing an increase in variability with worsening disease, which reaches a peak and then declines. Age, sex, educational level, and income were not statistically significantly associated with variability in SAP MD in the univariable models. However, race/ethnicity and number of SAP tests were statistically significantly associated with variability in SAP MD in the univariable models (Table 2) . In a multivariable model adjusting for baseline MoCA score, mean SAP MD, age, sex, race/ethnicity, educational level, income, and number of SAP tests, each 5-point decline in MoCA score was associated with an increase of 0.23 dB in the SD of residuals of SAP MD during the follow-up (95% CI, 0.11-0.35; P < .001) ( Table 2 and Figure 3 ).
There were statistically significant associations between change in MoCA scores and reliability indexes for the visual fields included in the analyses. Each 5-point decline in MoCA score was associated with an increase of 1.4% in fixation losses (P = .001), 0.5% in false-positive errors (P = .008), and 1.6% in false-negative errors (P < .001). However, the exclusion of visual fields deemed unreliable according to cutoffs for reliability indices did not affect the magnitude of the association between cognitive decline and visual field variability. If the 35 visual fields considered unreliable were included in the analysis, a 5-point decline in MoCA score was associated with an increase of 0.22 dB in the SD of residuals of SAP MD in the multivariable model (P = .001).
Discussion
In the current study, global cognitive decline as measured by the MoCA test was associated with visual field variability in patients Graph illustrating the nonlinear association between the mean standard automated perimetry (SAP) mean deviation (MD) and SD of residuals of SAP MD. Variability increases with worsening disease severity until a peak is reached. The association between cognitive changes and visual field variability found in our study seems clinically relevant. Indeed, a 0.23-dB increase in the SD of the residuals for a 5-point decline in MoCA scores corresponds to approximately a 30% increase in variability, considering the mean SD of residuals of 0.71 dB found in our population. A previous study using computer simulations of MD variability over time has suggested that the variability of SAP must be reduced by approximately 20% for a clinically appreciable improvement in detection of visual field change.
27 Therefore, using a similar reasoning, we can conclude that an increase of 30% in variability would likely result in a clinically appreciable worsening in the ability to detect visual field change over time. An increase in visual field variability can delay detection of true disease progression, potentially resulting in irreversible visual function loss. In addition, variability may also result in an increase in the number of visual field sequences being declared as having progressed when in fact no true change has occurred. These false-positives may lead to unnecessary escalation of treatment with potential adverse effects to patients. It is interesting to observe that although all visual field tests included in the analyses were considered reliable based on standard cutoffs for reliability indices, there were still statistically significant associations between cognitive change and reliability indices. Cognitive decline was associated with an increase in fixation losses and false-positive and falsenegative errors, although the magnitudes of the associations were generally relatively small. The decrease in reliability may explain, at least in part, the association between visual field variability and cognitive decline found in our study. Most patients in our study did not have evidence of cognitive impairment at baseline. The mean MoCA score at baseline was 28.3, although 10 patients (8.7%) demonstrated a MoCA score less than 26. However, even after the relatively short period of follow-up of the study, the number of patients with MoCA scores less than 26 at the last visit almost doubled to 19 patients (16.5%). Seventeen patients (14.8%) experienced a decline in MoCA score greater than 2 points. Considering the increasing prevalence of MCI with aging, it is expected that even greater changes in MoCA scores would be found over time during longer follow-up periods. As glaucoma is a relatively slowly progressive disease, which generally requires lifetime monitoring, a significant number of patients could have impactful changes on visual field variability as a result of cognitive decline over time.
Our results suggest that in the presence of increasing visual field variability over time, clinicians should suspect of the presence of possible decline in cognitive functioning as well. Importantly, such findings should prompt referral for investigation of a cognitive disorder such as MCI or dementia. In the presence of a significant increase in visual field variability as a result of cognitive decline, clinicians may need to increase the frequency of testing to obtain more precise estimates of indices of change over time. Alternatively, it may be necessary to increase the reliance on other tests for assessment of progression, such as structural imaging of the optic nerve, nerve fiber layer, or macular areas. Approaches that combine structural and functional measurements could also potentially be helpful, by improving the accuracy and precision of estimates of functional change by borrowing information from structural testing and vice versa. 28, 29 For the purposes of this study, our assessment of cognitive ability was limited to the MoCA test, which is a brief cognitive screening tool. Although there are several other measures available for assessing cognitive abilities in patients suspected of having MCI or dementia, a previous investigation has demonstrated that MoCA scores have desirable psychometric properties in the screening for cognitive impairment, especially in mild forms. A study by Krishnan and colleagues 30 explored the utility of MoCA scores in the detection of cognitive change over time in a community population sample. The MoCA was administered twice at approximately 3.5 years apart to a group of 139 participants. The results showed that when accounting for age and education, the MCI group showed a decline of 1.7 points over time, while cognitively intact participants remained stable.
Strengths and Limitations
The strengths of the study included a large well-characterized sample, careful screening, and comprehensive testing of the eye, as well as sensitive methods for data analysis. However, our study had limitations that are important to note. For example, we used only 1 neuropsychological test that is considered to be a global cognitive screening tool and it has limitations (eg, test-retest variability and scores tend to be higher in highly educated individuals with more cognitive reserve). Additionally, the mean follow-up time was relatively short, considering the long-term evolution of both glaucoma and MCI. Despite that, we found statistically significant and relevant associations between longitudinal changes in cognitive scores and visual field variability. Nevertheless, studies with longer follow-up and use of more refined and sensitive tests to more comprehensively assess neuropsychological function will be important to provide improved and possibly more reliable estimates of these important associations.
Conclusions
Our findings suggest that cognitive decline was associated with increased visual field variability in patients with glaucoma and those suspected of having the disease followed up over time. Screening and monitoring of cognitive dysfunction in patients with glaucoma may be important for the assessment of visual field progression over time.
